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overexpressing bladder cancer cells through degradation of
HER2 and inhibiting the PI3K/Akt pathway
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Abstract

Bladder cancer is the most common malignancy of the urinary tract and arising from

the epithelial lining of the urinary bladder. Resistance to cytotoxic therapies is associ-

ated with overexpression of oncogenic proteins; including HER2, and Akt in chemo-

therapy resistance of bladder cancer. Various studies demonstrated that

curcuminoids, the most important active phenolic compounds of turmeric (Curcuma

longa), have anti-tumor activities in a wide range of human malignant cell lines. The

aim of this study is to evaluate whether curcuminoids (curcumin, demethoxycurcumin

(DMC), and bisdemethoxycurcumin) could repress the expression of HER2 in

HER2-overexpressing bladder cancer cells. Among the test compounds, DMC signifi-

cantly suppressed the expression of HER2, and preferentially inhibited cell prolifera-

tion and induced apoptosis in HER2-overexpressing bladder cancer cells. DMC

decreases HER2 level through inhibiting the interaction of HER2 and Hsp90. Our

study also indicated that DMC showed additive activity in combination with chemo-

therapeutic agents, including paclitaxel and cisplatin. These findings show that DMC

should be developed further as a new antitumor drug candidate for treatment of

HER2-overexpressing bladder cancer.

K E YWORD S

bladder cancer, demethoxycurcumin, HER2, Hsp90

Abbreviations: 17-AAG, 17-(Allylamino)-17-demethoxygeldanamycin; BDMC, bisdemethoxycurcumin; CDK4, cyclin-dependent kinase 4; CHX, cycloheximide; Cur, curcumin; DAPI,

40 ,6-diamidino-2-phenylindole; DMC, demethoxycurcumin; DMSO, dimethyl sulfoxide; EDTA, ethylenediaminetetraacetic acid; Hsp90, 90-kDa heat shock protein; MAPK, mitogen-activated

protein kinase; MG132, Z-Leu-Leu-Leu-al; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PBS, phosphate-buffered saline; PI3K, phosphoinositide 3-kinase; PI, propidium

iodide; XIAP, X-linked inhibitor of apoptosis protein.

Received: 25 April 2021 Revised: 26 June 2021 Accepted: 7 July 2021

DOI: 10.1002/tox.23332

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2021 The Authors. Environmental Toxicology published by Wiley Periodicals LLC.

2186 Environmental Toxicology. 2021;36:2186–2195.wileyonlinelibrary.com/journal/tox

https://orcid.org/0000-0001-5934-0008
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/tox


Sciences, China Medical University, Taichung,

Taiwan, No. 100, Sec. 1, Jingmao Rd., Beitun

Dist., Taichung 406040, Taiwan, China.

Email: tdway@mail.cmu.edu.tw

Sheng-Tang Wu, Division of Urology,

Department of Surgery, Tri-Service General

Hospital, National Defense Medical Center,

Taipei 11490, Taiwan, No.325, Sec.2,

Chenggong Rd., Neihu District, Taipei 11490,

Taiwan, China.

Email: doc20283@gmail.com

Funding information

China Medical University, Grant/Award

Number: CMU109-S-53; Research

Foundation; Tri-Service General Hospital

1 | INTRODUCTION

Bladder cancer has become the most prevalent cancer of the urinary

tract accounting for 76 000 new cases and 16 300 deaths per year in

the world.1,2 Currently, a significant proportion of bladder cancer

patients show a response to surgical resection of the tumor followed

by adjuvant chemotherapy with cisplatin.3 While, resistance often

builds up quickly, cisplatin often loses its efficacy in bladder cancer

patients. The mechanisms driving this increased resistance to cisplatin

over time are generally unknown.

HER2 is a transmembrane receptor with tyrosine kinase activity

that is involved in cell proliferation, survival, metastasis, clinical drug-

resistance, and lower overall survival rates.4 Its overexpression has

been frequently found in various types of human cancers, including

bladder cancer. Zhau et al. first found that HER2 overexpression or

gene amplification occurred in bladder cancer.5 Recent studies

reported that HER2 overexpression related with high grade and stage

and correlated with poor prognosis in bladder cancer.6,7 Moreover,

HER2 overexpression was detected frequently in cisplatin and radia-

tion resistant patients.8,9

HER2-mediated signaling is dependent on HER2 homodimers or

heterodimers with other ErbB family members, which could trigger

different signaling downstream, such as mitogen-activated protein

kinase (MAPK) pathway and phosphoinositide 3-kinase (PI3K)/Akt

pathway that drivers the tumor development and progression.10,11

Molecular targeting approaches against such specific oncogenic pro-

teins and its signaling pathways have now been investigated to

improve therapeutic effects. The previous studies have indicated that

reducing the HER2 expression of cancer cells may attenuate its anti-

apoptotic signaling and suppress HER2-mediated malignant pheno-

types.12,13 Therefore, HER2 is not only a potent oncogene, but also

an excellent therapeutic target in bladder cancer.

Heat shock protein 90 (Hsp90), a molecular chaperone belonging to

the group of heat shock proteins, is known to interact with HER2 for

folding, assembly, and stabilization. Moreover, Hsp90 has been reported

to protect mutated and overexpressed proteins from misfolding and

degradation and play important roles in cell proliferation and sur-

vival.14,15 Hsp90 inhibitors destabilize Hsp90 clients by dissociating

Hsp90-client complexes to exert antitumor activity.16 The Hsp90

inhibitor 17-(allylamino)-17-demethoxygeldanamycin (17-AAG) binds to

an ATP pocket in the amino-terminal domain of Hsp90, then blocks the

binding of HER2, which results in the proteasome-dependent degrada-

tion of HER2. Hsp90 inhibitors can simultaneously inhibit multiple onco-

genic pathways on which cancer cells depend to manifest the cancer

hallmarks. Thus, Hsp90 is an attractive target for anti-cancer therapies.

Turmeric (Curcuma longa L.,), a spice component in curry, contains

unique phenolic curcuminoids with strong antioxidant and anti-

inflammatory properties. Three curcuminoid constituents found in

turmeric are curcumin (CUR), demethoxycurcumin (DMC), and

bisdemethoxycurcumin (BDMC).17 Research has shown that CUR is

highly unstable in alkaline or high-pH conditions.18 DMC, a derivative

of CUR, lacks one methoxy groups on the aromatic rings of CUR. DMC

has similar biological properties to CUR, however, the slightly different

chemical structure has led to a more stable chemical properties of

DMC.19 Recent studies have demonstrated that DMC exhibits better

biological activities when compared with CUR.20–23 Therefore, it is

highly interested to investigate the therapeutic potential of DMC in the

treatment of various diseases.

It has been reported that DMC induces cytotoxic effects in numer-

ous types of cancer,18 however, no study exists which shows the effects

of DMC on bladder cancer. In this present study, CUR, DMC, and

BDMC were chosen for evaluation of their anti-proliferative effects on

human bladder cancer cells. Among them, DMC seemed more sensitive

to HER2-overexpressing bladder cancer cells. Thus, DMC is considered

the most promising compound for further study of physiochemical prop-

erties and biological mechanisms. Moreover, we examined the combined

cytotoxic effects for HER2-overexpressing bladder cancer cells using

the combination of DMC with low dose clinical drugs (Paclitaxel, and

Cisplatin). The results suggested that DMC have clinical implications for

the treatment of HER2-overexpressing bladder cancer.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

CUR, DMC, BDMC, 40 ,6-diamidino-2-phenylindole (DAPI), dimethyl

sulfoxide (DMSO), and propidium iodide (PI), Trypsin-

KAO ET AL. 2187

mailto:tdway@mail.cmu.edu.tw
mailto:doc20283@gmail.com


Ethylenediaminetetraacetic acid (EDTA), 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT), cycloheximide (CHX),

17-(allylamino)-17-demethoxygeldanamycin (17-AAG), Z-Leu-Leu-

Leu-al (MG132), G418, wortmannin, Paclitaxel, Cisplatin, anti-mouse

and anti-rabbit antibodies conjugated to horseradish peroxidase, and

β-Actin antibody were obtained from Sigma-Aldrich Co. (St. Louis,

MO, USA). Cell culture materials were obtained from Invitrogen Life

Technologies (Burlington, ON, Canada). Protein A/G-agarose, X-linked

inhibitor of apoptosis protein (XIAP), cyclin-dependent kinase

4 (CDK4), HER2 (9G6) and Bax antibodies were obtained from Santa

Cruz Biotechnology (Santa Cruz, CA, USA). Bcl-2, Bcl-xL, Survivin, p-

Akt (Ser 473), Akt, caspase-3, caspase-9, poly (ADP-ribose) polymer-

ase (PARP), α-tubulin, and Raf-1 antibodies were purchased from Cell

Signaling Technology (Beverly, MA, USA). Hsp90 antibody was from

BD Transduction Laboratories (San Jose, CA, USA). HER2 (Ab3) anti-

body was from Calbiochem (San Diego, CA, USA). Sea Plaque Agarose

(low melting temperature agarose) was purchased from Lonza Biosci-

ence (Rockland, ME, USA).

2.2 | Cell lines and cell cultures

The human bladder cancer cell lines RT4 (overexpress HER2), and

TCCSUP (express the basal level of HER2) were obtained from

ATCC (Rockville, MD, USA). In addition, TCCSUP/HER2 was stably

transfected with pSV2-HER2. RPMI 1640 was used for the mainte-

nance of TCCSUP cells and Dulbecco's modified eagle medium was

used for RT4 cells and supplemented with 10% fetal bovine serum.

Cells were grown in a humidified incubator at 37�C under 5% CO2

in air.

2.3 | Western blotting and immunoprecipitation

Whole cell lysate was prepared as described previously.8,9 Approximately

50 μg of total protein lysate was separated in sodium dodecyl sulfate-

polyacrylamide gels for 1 h and subsequently electro-transferred over-

night onto nitrocellulose membranes (Schleicher and Schuell GmbH,

Dassel, Germany). Membrane was blocked with 5% nonfat dry milk in

1� Tris-buffered saline-T (20 mM Tris–HCl, pH 7.6, 137 mM NaCl and

0.1% Tween-20) for 1 h at room temperature and immunoblotted with

the appropriate antibodies at 4�C overnight, followed by incubation with

horseradish peroxidase -conjugated secondary antibodies. Protein visual-

ization was performed using an Enhanced chemiluminescence Western

blotting kit according to the manufacturer's instructions. For immu-

neprecipitation assay, 500 μg of total cell lysate was incubated with 1 μg

antibody and 50 μl Protein A/G-agarose at 4�C for overnight.

Nonspecifically bound proteins were removed by repeated washings

with RIPA-B buffer without a protease inhibitor. To obtain the Triton

X-100 soluble and insoluble fractions, cells were harvested in 0.3 ml of

Triton X-100 lysis buffer with protease inhibitors (Roche Diagnostics,

Mannheim, Germany). After removal of Triton X-100 soluble superna-

tants by centrifugation at 600�g for 3 min, and the pellet as the Triton

X-100 insoluble fraction.

2.4 | Cell viability assay

Cells were treated with various drug concentrations for the indicated

times, the cell viability was determined by MTT dye. After 4 h incuba-

tion, cells were solubilized in 200 μl DMSO/well, and the absorbance

was measured with a plate reader (Titertek Multiskan MCC/340, Flow

Laboratories, McLean, VA, USA) at 570 nm. Each assay was repeated

at least three times; cell viability was expressed as a percentage of the

control viability.

2.5 | Flow cytometry analysis

Cells were treated with various agents for the indicated times. After

treatment, cells were harvested, washed twice with phosphate-

buffered saline (PBS) and fixed in 70% ethanol at �20�C overnight.

Prior to analysis, washed cell pellet was then resuspended in staining

buffer (Triton X-100 (0.1%, v/v), RNase (100 mg/ml), and PI

(80 mg/ml), and incubated at room temperature for 30 min in the

dark. The samples were then analyzed by FACScan (Becton-Dickin-

son, Mountain View, CA, USA) and cell cycle progression was esti-

mated using the CellQuest Software (BD Technology, Mountain View,

CA, USA). The experiment was performed in triplicate.

2.6 | Soft agar colony formation assay

TCCSUP/neo, or TCCSUP/HER2 cells (1 � 104) were seeded in 6 cm

culture dish containing 0.35% low-melting agarose over a 0.7% aga-

rose layer in the presence of 20 μM of DMC at 37�C in a humidified

5% CO2 atmosphere for 21 days. Colonies were stained with p-

iodonitrotetrazolium violet (1 mg/ml), and then photographed under a

light microscope using the Nikon ACT-1 program (Version 2.20; LEAD

Technologies) and counted using ImageJ (Version 1.48 g; NIH).

2.7 | Immunofluorescence analysis

RT4 cells were cyto-spinned on glass slides, and washed once with

PBS, fixed in PBS containing 4% paraformaldehyde for 20 min at room

temperature. Cells were permeabilized with 0.2% Triton X-100 for

10 min and incubated with PBS containing 4% BSA (Sigma; St. Louis,

MO, USA) for 30 min. Incubations were performed with HER2 pri-

mary antibody diluted in PBS containing 1% BSA for 1 h at room tem-

perature. Afterwards, cover slides were washed and incubated for

30 min with the fluorescein isothiocyanate (FITC)-conjugated second-

ary antibody (CHEMICON, Billerica, MA, USA). Fluorescence images

were collected on a Zeiss Axioplan.

2.8 | Statistical analysis

The data are presented as the mean ± SD from at least three indepen-

dent experiments. The statistical analyses were performed using
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One-way ANOVA. Statistically significant differences among the

means were set at *, p < .05; **, p < .01; ***, p < .001.

3 | RESULTS

3.1 | The antitumor effect of curcuminoids on
bladder cancer cells

It has recently been demonstrated that curcuminoids exert anticancer

effects against various types of cancer.20–23 To evaluate the effects of

curcuminoids against bladder cancer cells, RT4 (overexpress HER2), and

TCCSUP (express the basal level of HER2) cells were treated with vari-

ous concentrations of curcuminoids (Cur, BDMC, and DMC) for 48 h

and cell viability was assessed by MTT assay. Cur, BDMC, and DMC

significantly reduced the viability in HER2-overexpressing RT4 cells.

However, the inhibition was much less effective in TCCSUP cells

expressing a basal level of HER2 under the same condition (Figure 1A–

C). Interestingly, among these curcuminoids, DMC exhibited the most

efficient cytotoxic effects in RT4 cells. Collectively, these results show

that curcuminoids significantly potentiate the cytotoxic effects of

HER2-overexpressing RT4 cells in a dose-dependent manner, and DMC

exhibit the most efficient cytotoxic effects among these curcuminoids

(IC50: Cur, 17.4 μM; BDMC, 15.7 μM; and DMC, 10.3 μM, respectively).

3.2 | Curcuminoids-induced degradation of HER2

Curcuminoids significantly reduced the viability in HER2-

overexpressing RT4 cells, we next investigated the effects of

F IGURE 1 Curcuminoids downregulated HER2 protein expression in HER2-overexpressing bladder cancer cells. RT4 and TCCSUP cells were
treated with various concentrations of (A) curcumin (Cur), (B) bisdemethoxycurcumin (BDMC), and (C) demethoxycurcumin (DMC), as indicated.
Cell viability was determined by MTT assays. (D) RT4 cells were treated with vehicle (DMSO), indicated concentrations of Cur, BDMC, and DMC
for 48 h followed by Western blot for HER2, and β-actin. Representative of two separate experiments. Western blot data presented are
representative of those obtained in at least three separate experiments. The values below the figures represent change in protein expression of
the bands normalized to β-actin. (E) RT4 cells were grown on coverslips and treated with vehicle (DMSO), indicated concentrations of DMC for
48 h, then subjected to immunofluorescent staining with HER2 and DAPI as described in materials and methods. Fluorescence images were
performed by fluorescent microscopy
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curcuminoids on reducing the expression of HER2 protein. The West-

ern blotting was performed to examine the HER2 protein level, our

result showed that curcuminoids inhibited the expression of HER2 in

RT4 cells in a dose-dependent manner (Figure 1D). Moreover, we

found that DMC was more active than Cur and BDMC in inhibiting the

expression of HER2 protein levels. Immunofluorescence staining also

revealed that DMC inhibited the expression of HER2 in RT4 cells

(Figure 1E). Thus, DMC is considered the most promising compound

for HER2-overexpressing bladder cancer.

3.3 | DMC induced apoptosis in RT4 cells

In order to investigate whether DMC induced apoptosis, RT4

cells were treated with 20 μM of DMC and stained with PI for analyz-

ing by flow cytometric assays. The results indicated that DMC

induced apoptosis in 24 h, 48 h treatment (Figure 2A). For further

confirming that DMC induced apoptosis, the changes in the expres-

sion of apoptosis-associated proteins were detected by Western blot-

ting. After treatment with DMC for different concentrations, the RT4

cells exhibited increased PARP activity. The caspase-3 and -9 activi-

ties in the RT4 cells were also increased following treatment of DMC

(Figure 2B). We next explored the levels of apoptotic proteins that

might be involved in DMC-induced apoptosis. As shown in Figure 2C,

D, DMC significantly inhibited the expression of anti-apoptotic Bcl-2,

Bcl-xL, Survivin, XIAP proteins in a dose-dependent manner. How-

ever, the levels of the pro-apoptotic Bax protein were increased

by DMC.

3.4 | DMC induced apoptosis by inactivation of
the PI3-kinase (PI3K)/Akt signaling pathway

Given the critical role of PI3K/Akt pathway in controlling cell survival/

death in cancer cells, we determined whether the Akt activity is associ-

ated with apoptotic effects of DMC. Our results found that DMC mark-

edly reduced the levels of p-Akt (Ser 473) in RT4 cells without

significantly altering the levels of total Akt (Figure 2E). In order to further

identify the role of Akt in the DMC-induced apoptosis in RT4 cells, the

effect of PI3K inhibitor wortmannin was examined. We found that pre-

treatment of RT4 cells with wortmannin enhanced DMC-induced apo-

ptosis (Figure 2F). Taken together, these data imply that the cytotoxicity

of DMC may be related to the inhibition of PI3K/Akt pathway.

3.5 | DMC had preferential activity against HER2-
overexpressing bladder cancer cells

To evaluate the effects of DMC on HER2-induced cell proliferation,

TCCSUP cells were stably transfected with pSV2-HER2 and then

treated with 20 μM DMC for 24 and 48 h. Our result showed that

DMC preferentially inhibited the proliferation of TCCSUP/HER2 cells

(Figure 3A). Treatment with 20 μM DMC for 48 h inhibited over 60%

of growth in TCCSUP/HER2 cells, however, the growth inhibition by

DMC was much less in parental TCCSUP cell lines expressing a basal

level of HER2.

3.6 | DMC preferentially inhibited the colony-
forming activity in HER2-overexpressing bladder
cancer cells

Examining the effects of DMC on HER2-induced anchorage indepen-

dent growth, we seeded TCCSUP/neo or TCCSUP/HER2 cells into

soft agar in the presence of 20 μM DMC and monitored them for col-

ony formation. DMC preferentially inhibited the colony-forming activ-

ity of TCCSUP/HER2 cells (Figure 3B). Overall, these results suggest

that DMC preferentially suppresses HER2-mediated transformation

phenotype of bladder cancer cells.

3.7 | DMC downregulated HER2 protein
expression by modulating the protein stability
of HER2

We next examined the effects of DMC on HER2 protein stability, RT4

cells were treated with protein synthesis inhibitor CHX or with a com-

bination of CHX and DMC, and then the relative levels of HER2 pro-

tein in these cells were detected. As shown in Figure 4A, a

combination of CHX and DMC downregulated HER2 protein was

faster than that treated only with CHX. This indicated that DMC

downregulated HER2 protein through a post-translational mechanism

in HER2-overexpressing bladder cancer cells. To further investigate

whether DMC downregulated HER2 protein was due to proteolytic

degradation, we tested the effect of the proteasome inhibitor MG132

on HER2 expression. Our result found that DMC downregulated

HER2 protein in both Triton X-100-soluble and Triton X-

100-insoluble cellular fractions. However, a combination of MG132

and DMC could inhibit DMC-mediated downregulation of HER2 pro-

tein in the Triton X-100-insoluble cellular fraction (Figure 4B). Collec-

tively, these results suggest that DMC downregulated HER2 protein

by the ubiquitin-proteasome pathway.

3.8 | DMC caused dissociation of Hsp90 from
HER2 and promoted downregulation of HER2 protein

Hsp90 is a molecular chaperone that is crucial for the stability and mat-

uration of the HER2 protein.24 We next examined whether DMC down-

regulated HER2 protein by disassociating HER2 with Hsp90. As shown

in Figure 4C, after treatment with 20 μMDMC, Hsp90 dissociated from

HER2 protein complex. Previous study indicated that inhibition of

Hsp90 would result in down-regulation of multiple oncogenic proteins,

therefore, we examined whether DMC could decrease the levels of

Hsp90 client proteins in RT4 cells. As shown in Figure 4D, Hsp90 inhibi-

tor 17AAG, and DMC caused a progressive decline in client proteins of

Hsp90 (HER2, Raf-1, Akt, CDK4). Our result demonstrated that DMC

induced down-regulation of oncogenic Hsp90 client proteins.
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3.9 | DMC enhanced the chemotherapeutic efficacy
of paclitaxel and cisplatin by downregulating HER2

To investigate the biological effect of downregulation of HER2 pro-

tein mediated by DMC, Paclitaxel and Cisplatin were applied to RT4

or TCCSUP cells in combination with 20 μM of DMC. The combina-

tion of DMC and Paclitaxel (Figure 5A), or Cisplatin (Figure 5C)

enhanced the chemotherapeutic efficacy in HER2-overexpressing

RT4 cells. However, the combination of DMC and Paclitaxel

(Figure 5B), or Cisplatin (Figure 5D) has no significantly enhanced

F IGURE 2 Demethoxycurcumin (DMC) induced apoptosis through the inhibition of PI3k/Akt signaling pathway in RT4 cells. (A) RT4 cells
were treated at time 0 with DMSO alone (Control), 20 μM DMC for the indicated periods. Cells were harvested and stained with PI and the
apoptosis distribution was analyzed by flow cytometry. (B) RT4 cells were treated with vehicle (DMSO), indicated concentrations of DMC for
48 h followed by Western blot for PARP, Caspase-3, Caspase-9, and β-Actin. (C) RT4 cells were treated with vehicle (DMSO), indicated
concentrations of DMC for 48 h followed by Western blot for Bcl-2, Bcl-xL, Survivin, XIAP, and β-actin. (D) RT4 cells were treated with vehicle
(DMSO), indicated concentrations of DMC for 48 h followed by Western blot for Bax and β-actin. (E) RT4 cells were treated with vehicle (DMSO),
indicated concentrations of DMC for 48 h followed by Western blot for phospho-Aktser473, Akt, and β-actin. (F) Before treatment with 20 μM
DMC, RT4 cells were pretreated with 3.2 μM Wortmannin. RT4 cells were treated with vehicle (DMSO), indicated concentrations of DMC for
48 h followed by Western blot for phospho-Aktser473, PARP, and β-actin. Western blot data presented are representative of those obtained in at
least three separate experiments. The values below the figures represent change in protein expression of the bands normalized to β-actin
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effect in TCCSUP (express the basal level of HER2) cells. Our results

clearly demonstrated that DMC enhanced the chemotherapeutic effi-

cacy of Paclitaxel and Cisplatin on HER2-overexpressing bladder cancer

cells and inhibited the HER2-induced drug resistance of tumor cells.

4 | DISCUSSION

Previous studies suggested that HER2 expression is associated with

poor prognosis for bladder cancer patients. Therefore, it is crucial to

develop novel drugs targeting HER2-overexpressing bladder cancer.

The major observation reported here is that the curcuminoids

F IGURE 3 Demethoxycurcumin (DMC) preferentially inhibited
the proliferation of HER2-overexpressing bladder cancer cells.
(A) TCCSUP/neo and TCCSUP/HER2 cells were treated with 20 μM
DMC for the indicated periods. Cell viability was determined by MTT
assays. (B) TCCSUP/neo, or TCCSUP/HER2 cells (1 � 104) were
seeded in 6 cm culture dish, containing 0.35% low-melting agarose
over a 0.7% agarose layer. They were treated with 20 μM of DMC for
21 days. Column, mean of three independent experiments. Bars
represent the SD. Asterisk, values significantly different from the
control. *, p < .05; **, p < .01; ***, p < .001

F IGURE 4 Demethoxycurcumin (DMC) downregulated HER2

expression by dissociating of Hsp90 from HER2. (A) RT4 cells were

cultured with 20 μg/ml cycloheximide (CHX) in the presence or

absence of 20 μM DMC for the indicated times followed by Western

blot for HER2 and β-Actin. (B) RT4 cells were pretreated with

MG132 (20 μM) for 30 min followed by 20 μM DMC for 9 h, and

Triton X-100–soluble and Triton X-100–insoluble cell lysates were

prepared and a followed by Western blotting for HER2 and β-actin.
(C) RT4 cells were treated with 20 μM DMC for the indicated

periods. Lysates of RT4 cells were immunoprecipitated with

antibodies against HER2 and immunoblotting was performed using

anti-HER2 and anti-Hsp90 antibodies. (D) RT4 cells were treated

with Hsp90 inhibitor 17AAG (10 μM) or DMC (20 and 40 μM) for

48 h followed by Western blot for HER2, Raf-1, AKT, CDK4, and

β-actin. Western blot data presented are representative of those

obtained in at least three separate experiments. The values below the

figures represent change in protein expression of the bands

normalized to β-actin
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effectively downregulated HER2 protein in HER2-overexpressing

bladder cancer cells. Interestingly, we found that one of the

curcuminoids, DMC, was more effective than others in down-

regulating the HER2 protein level. DMC preferentially suppressed the

proliferation and transformation phenotype of HER2-overexpressing

bladder cancer cells, but not the cell lines expressing basal levels of

HER2. DMC provided a basis for the development of potent agents

that can pharmacologically target HER2, the molecular mechanisms

will be the subject of future investigation.

Recently, several other natural products are known to have the

effect of downregulating HER2 protein. Our previous studies found

that flavonoid apigenin induced apoptosis of the HER2-

overexpressing breast cancer cells by downregulating HER2 protein.

Apigenin downregulated HER2 protein by disassociating HER2 with

GRP94 (endoplasmic reticulum hsp90 chaperone).25 We also found

that various flavonoids downregulated HER2 protein depended on

the position of B ring and the existence of the 30 or 40-hydroxyl group

on the 2-phenyl group.26 We have shown that aloe-emodin down-

regulated HER-2 through the downregulation of YB-1.27 Gang et al.,

found that fisetin induced apoptosis of HER2-overexpressing breast

cancer by induction of HER2 proteasomal degradation.28 Mary et al.,

indicated that genistein, the main soy isoflavone, downregulated

HER2 protein through an ER-independent mechanism,29

Recent studies have demonstrated that PI3K/Akt signaling in

HER2-overexpressing cancer cells may be directly linked to the prolif-

eration and anti-apoptosis, here, we found that DMC mainly exerted

its anti-tumor in inhibiting the HER2/PI3K/Akt pathway. Recently, Lin

et al. indicated that DMC significantly inhibited on-target cisplatin

(CDDP) resistance protein, excision repair cross-complementary

1 (ERCC1), via PI3K/Akt in nonsmall cell lung carcinoma cells

(NSCLC).30 Rakesh et al., reported that DMC inhibited proliferation

and induced apoptosis through Akt/NF-κB signaling pathway inhibi-

tion.31 Huang et al., found that DMC induced the apoptosis of osteo-

sarcoma cancer cells through repression of Akt signaling pathway.32

Our results were in agreement with those of previous studies, DMC

might exert their cytotoxic anti-tumor activity through the inhibition

of PI3K/Akt pathway.

In this study, we presented evidence that the degradation of

HER2 after CHX plus DMC treatment was faster than treatment with

CHX alone. This result implicated that a possible post-transcriptional

mechanism for HER2 degradation. HSP90 has been recognized as an

important chaperone protein for a vast array of client proteins includ-

ing HER2. We attempted to identify whether DMC disrupted the

association of Hsp90 with HER2. DMC exerted its destabilizing

effects by dissociating HER2 from Hsp90, and such dissociation pre-

ceded the proteolytic degradation of HER2 at the plasma membrane.

Yanyan et al., suggest that the binding of (�)-EGCG to Hsp90 impairs

the association of Hsp90 with HER2, thereby inducing degradation

of HER2, resulting antiproliferating effects in pancreatic cancer

cells.33

Chemotherapy remains the standard of care for patients with

muscle-invasive bladder cancer. However, recent studies have shown

that HER2 overexpression is associated with higher rates of disease

recurrent and lower complete response rates after chemotherapy.

Therefore, combined treatment with HER2 inhibitor and chemother-

apy might be an option to efficiently overcome chemoresistance of

HER2-overexpressing bladder cancer cells. In the present study, we

demonstrated that the combination of DMC and paclitaxel

(Figure 5A), or cisplatin (Figure 5C) enhanced the chemotherapeutic

efficacy in HER2-overexpressing RT4 cells, but did not have the same

F IGURE 5 Effect of the
addition of demethoxycurcumin
(DMC) to clinical drugs (Paclitaxel
and Cisplatin) on the proliferation
of bladder cancer cells. RT4 and
TCCSUP cells were treated with
20 μM DMC, (A, B) 400 nM
Paclitaxel, (C, D) Cisplatin either
alone or in combination for 48 h.

Cell viability was determined by
MTT assays
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effect in the TCCSUP cell lines, which express basal levels of HER2.

Teng et al., showed DMC as a chemosensitizing agent through the

inhibition of P-glycoprotein (P-gp).34 Shi et al., implicated that low-

dose DMC significantly enhanced the effect of temozolomide on gli-

oma cells by increasing intracellular level of reactive oxygen species

production, activating caspase-3-dependent apoptotic pathway, and

inactivating of JAK/STAT3 signaling pathway in GBMs.35 Chen et al.,

demonstrated that the combination of DMC with cisplatin might

restore DDP sensitivity in cisplatin-resistant nonsmall lung cancer cells

through the inhibition of ERCC1.36 Our and previous results suggest

that DMC is potential to be developed further as specific target of co-

chemotherapeutic agents for cancer treatment.

5 | CONCLUSIONS

Taken together, the novel findings of DMC in the present study may

help improve the efficacy of preventive or therapeutic compounds

against HER2-overexpressing bladder cancer.
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